Nectins are Ca 3
INTRODUCTION

Cadherins are Ca
2+
-dependent cell-cell adhesion molecules that form AJs (Takeichi, 1991 , Gumbiner, 1996 , Yagi and Takeichi, 2000 . E-Cadherin, like other classical cadherins, is a single-pass transmembrane protein whose extracellular domain mediates homophilic recognition and adhesive binding (Takeichi, 1991) . The cytoplasmic tail of E-cadherin is linked to the actin cytoskeleton through many peripheral membrane proteins, including α-catenin, β-catenin, vinculin, and α-actinin, which strengthen the cell-cell adhesion activity of E-cadherin (Nagafuchi, 2001) .
Nectins are Ca
2+
-independent Ig-like cell-cell adhesion molecules which comprise a family of four members, nectin-1, -2, -3, and -4 (Takai and Nakanishi, 2003, Takai et al., 2003) . Nectins form homo-cis-dimers and then homo-trans-dimers (trans-interactions), causing cell-cell adhesion. Nectin-3 furthermore forms hetero-trans-dimers with either nectin-1 or -2. Nectin-4 also forms hetero-trans-dimers with nectin-1. All the nectin family members, except nectin-1β, -1γ, -3γ, and -4, have a conserved motif of four amino acid (aa) residues (Glu/Ala-X-Tyr-Val) at their carboxyl termini and this binds the PDZ domain of afadin, an actin-filament (F-actin)-binding protein. Although nectin-4 lacks this conserved motif, it binds afadin.
Evidence has accumulated that the trans-interactions of nectins recruit cadherins to the nectin-based cell-cell adhesion, resulting in formation of AJs in epithelial cells and fibroblasts and in formation of synapses in neurons (Takai and Nakanishi, 2003) . Furthermore, the trans-interactions of nectins recruit first junctional adhesion molecules (JAMs) and then claudins and occludin to the apical side of AJs in cooperation with the trans-interactions of cadherins, resulting in formation of tight junctions (Fukuhara et al., 2002a (Fukuhara et al., , 2002b . Claudins are key 5 trans-interactions of cadherins and/or those of nectins may be involved in regulation of the formation and/or maintenance of AJs.
We have studied here the role of nectins in the E-cadherin-induced activation of Rac and formation of cell-cell AJs and found that the nectins, which do not trans-interact with other nectins (non-trans-interacting nectins), inhibit both the E-cadherin-induced activation of Rac and formation of cell-cell
AJs. Taken together with our previous observations, the present results indicate that nectins positively and negatively regulate the E-cadherin functions through regulation of the Rac activity. The present results have provided a novel molecular mechanism of how nectins play an important role in the formation of AJs in cooperation with E-cadherin in epithelial cells.
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MATERIALS AND METHODS
Expression Plasmids
Expression vectors for green fluorescent protein (GFP)-tagged NWASP-Cdc42
and Rac interactive binding domain (CRIB) (pEGFP-NWASP-CRIB), FLAG-tagged nectin-1-∆C (pCAGIPuro-FLAG-nectin-1-∆C), FLAG-tagged nectin-2α (pCAGIPuro-FLAG-nectin-2α), FLAG-tagged nectin-3α
(pCAGIPuro-FLAG-nectin-3α), Myc-tagged V12Cdc42
(pEFBOS-myc-V12Cdc42), and FLAG-tagged N17Rac1
(pEFBOS-FLAG-N17Rac1) were prepared as described (Kodama et al., 1999 , Kawakatsu et al., 2002 .
The expression vector for a point-mutated form of nectin-2α (pm-nectin-2α), which contained the following sequence: substitution of TTT at codon 136 with CTT (Phe to Leu) (pCAGIPuro-pm-nectin-2α), was prepared as described . The expression vectors for GFP-tagged V12Rac1
(pEGFP-V12Rac1) and GFP-tagged N17Rac1 (pEGFP-N17Rac1) were kind gifts from Dr. S. Narumiya (Kyoto University, Kyoto, Japan). pRaichu-Rac1, pRaichu-Rac1-Y40C, pRaichu-Cdc42, and pRaichu-Cdc42-Y40C were constructed as described (Itoh et al., 2002) . The retrovirus expression vector for GFP (pMXII-GFPN) was prepared as described (Ono et al., 2000) .
pMXII-E-cadherin-GFPN for E-cadherin fused to GFP was prepared by inserting the cDNA fragment encoding mouse E-cadherin into the 5' end of the cDNA fragment encoding GFP in pMXII-GFPN. The cDNA of E-cadherin was a kind gift from Dr. Sh. Tsukita (Kyoto University, Kyoto, Japan). All the constructs used here were confirmed by sequencing.
Antibodies and Proteins
A mouse anti-afadin monoclonal antibody (mAb) was prepared as described (Sakisaka et al., 1999) . A rat anti-E-cadherin mAb (ECCD-2) was kindly supplied from Dr. M. Takeichi (RIKEN Center for Developmental Biology, Kobe, Japan). A mouse anti-ZO-1 mAb was kindly supplied from Dr. Sh. Tsukita (Kyoto University, Kyoto, Japan). Hybridoma cells expressing the mouse anti-myc mAb (9E10) were obtained from American Type Culture Collection as described (Kodama et al., 1999) . A rabbit anti-GFP polyclonal Ab (pAb) (BD Biosciences Clontech, Palo Alto, CA) and secondary Abs (Chemicon, Temecula, CA) were purchased from commercial sources. The extracellular fragments of E-cadherin and nectin-1, -2, or -3 fused to the Fc portion of human IgG (Cef and Nef-1, -2, or -3, respectively) were prepared as described (Honda et al., 2003c) .
Cell Culture and DNA Transfection
L and EL cells were supplied from Dr. Sh. Tsukita (Kyoto University, Kyoto, Japan). EL cells were cloned by introduction of the exogenous E-cadherin cDNA to cadherin-deficient L cells (Nagafuchi et al., 1987) . EL cells stably expressing exogenous full-length nectin-1α and C-terminal 4 aa-deleted nectin-1α (nectin-1-EL and nectin-1-∆C-EL cells, respectively) were prepared as described (Tachibana et al., 2000) . Nectin-2-and -3-EL cells were prepared by transfecting pCAGIPuro-FLAG-nectin-2α and pCAGIPuro-FLAG-nectin-3α, respectively, and by selecting for transfectants with 5 µg/ml of puromycin. MDCK cells were kindly supplied from Dr. W.
Birchmeier (Max-Delbruck-Center for Molecular Medicine, Berlin, Germany).
MDCK cells stably expressing exogenous full-length nectin-1α (nectin-1-MDCK cells) were prepared as described . MDCK cells stably expressing both exogenous full-length nectin-1α and pm-nectin-2α 8 (pm-nectin-2-nectin-1-MDCK cells) were prepared by transfecting pCAGIPuro-pm-nectin-2α in nectin-1-MDCK cells and selecting for a transfectant with 5 µg/ml of puromycin. The transfection was done with the plasmids as described . Ecotropic retrovirus competent MDCK cells were prepared as described (Nishimura et al., 2002) .
MDCK cells stably expressing E-cadherin-GFPN (E-cadherin-GFPN-MDCK cells) were prepared by infecting ecotropic retrovirus competent MDCK cells with pMXII-E-cadherin-GFPN as described (Nishimura et al., 2002) .
Cell Adhesion Assay
The cell adhesion assay was performed as described (Kawakatsu et al., 2002) with some modifications. Briefly, coverslips were coated with 50 µg/ml of Cef, 50 µg/ml of Nef-3, a mixture of 50 µg/ml of Cef and 50 µg/ml of Nef-3, a mixture of 50 µg/ml of Cef, 50 µg/ml of Nef-1, 50 µg/ml of Nef-2, and 50 µg/ml trypsin and 1 mM EDTA at 37˚C for 15 min, and dispersed by pipetting. The dispersed MDCK cells were placed on culture dishes and cultured for 6 h.
The signal for E-cadherin at cell-cell contact sites in these MDCK cells were concentrated at 4 h after the plating (our unpublished results). After the 6-h culture, the MDCK cells were washed with PBS, incubated with 0.01% trypsin and 1 mM CaCl 2 at 37˚C for 40 min, and dispersed vigorously by pipetting.
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The dispersed EL and MDCK cells were then suspended in DMEM containing 10% FCS. The cells (1.0 x 10 4 ) were placed on the coverslips coated with Cef, Nef-3, a mixture of Cef and Nef-3, a mixture of Cef, Nef-1, Nef-2, and Nef-3, or human IgG in a 24-well dish and cultured for indicated periods of time. The cells were then fixed, followed by immunostaining. Immunofluorescence microscopy of cultured cells was done as described (Mandai et al., 1997 .
Adenovirus Infection
An adenovirus vector encoding a constitutively active form of p110
(AxCAMyr-p110) was kindly supplied from Dr. M. Kasuga (Kobe University, Kobe, Japan) (Kitamura et al., 1999) . EL and nectin-1-EL cells were infected with AxCAMyr-p110 at a multiplicity of infection of 0.1 PFU/cell. After a 36-h culture, the cells were subjected to the cell adhesion assay. Over 95% of the infected EL cells formed lamellipodia to a small extent on the IgG-coated coverslips (our unpublished results).
FRET Imaging
The FRET imaging was performed as described (Honda et al., 2003b) with some modifications. EL or nectin-1-EL cells were transfected with pRaichu-Rac1, pRaichu-Rac1-Y40C, pRaichu-Cdc42, or pRaichu-Cdc42-Y40C.
The FRET probes for wild-type Rac1 and Cdc42 consisted of a CRIB domain of PAK, Rac1 or Cdc42, a pair of GFP mutants, and a CAAX box of Ki-Ras (Itoh et al., 2002) . In Y40C mutants, Cys was substituted for Tyr 40 in the effector domain of Rac and Cdc42, respectively, which is essential for the binding to PAK-CRIB (Itoh et al., 2002) . Twenty-four h after the transfection, the cells were replated on the dishes coated with 50 µg/ml of Cef, a mixture of 50 µg/ml of Cef and 50 µg/ml of Nef-3, or 50 µg/ml of IgG. 
Ca
2+ Switch Assay
Cell-cell adhesion of nectin-1-MDCK and pm-nectin-2-nectin-1-MDCK cells was assayed as described (Honda et al., 2003c) with some modifications. ) for 2, 4, and 8 h. The cells were then fixed, followed by immunostaining.
RESULTS
Formation of Lamellipodia by Cef in EL Cells
We first confirmed by analyzing morphological changes whether the trans-interaction of E-cadherin activates Rac in EL cells (L cells expressing exogenous E-cadherin). For this purpose, we used a recombinant protein (Cef, an extracellular fragment of E-cadherin fused to the Fc portion of IgG)
which trans-interacts with cellular E-cadherin in nectin-1-EL cells (L cells
expressing exogenous E-cadherin and nectin-1) (Honda et al., 2003c) . EL cells cultured on the Cef-coated coverslips formed lamellipodia to a medium extent at 60 min and to a large extent at 90 min ( PI3 kinase inhibitor (Kovacs et al., 2002) , reduced the Cef-induced formation of lamellipodia (Fig. 1B, d1 and d2). LY294002, another PI3 kinase inhibitor (Kovacs et al., 2002) , also reduced the Cef-induced formation of lamellipodia
(our unpublished results). These results indicate that the trans-interaction
of E-cadherin induces the formation of lamellipodia in Rac-and PI3
kinase-dependent manners in EL cells.
Activation of Rac by Cef in EL Cells
We examined whether the trans-interaction of E-cadherin indeed induces activation of Rac. We could not measure the level of GTP-Rac or GTP-Cdc42 in EL cells by the pull-down assay with the glutathione-S-transferase-PAK-CRIB fusion protein, because the expression levels of the endogenous Rac and Cdc42 proteins in EL cells were too low for this assay (our unpublished results) (Kawakatsu et al., 2002) . Therefore, we used the FRET probes, Raichu-Rac1 and -Cdc42, to examine the activation of Rac1 and Cdc42 induced by the trans-interaction of E-cadherin (Itoh et al., 2002 , Honda et al., 2003b . Cef induced activation of Rac1 ( Fig are consistent with the earlier observations (Nakagawa et al., 2001 , Kovacs et al., 2002 and indicate that the trans-interaction of E-cadherin induces activation of Rac, but not that of Cdc42, through PI3 kinase, resulting in 13 formation of lamellipodia.
Inhibition of the Cef-induced Formation of Lamellipodia by
Non-trans-interacting Nectin-1 in EL Cells
We have previously shown by use of Nef-1, -2, and -3 (extracellular fragments of nectin-1, -2, and -3 fused to the Fc portion of IgG, respectively) that the
trans-interactions of Nefs with cellular nectins induce activation of Cdc42 and
Rac in a PI3 kinase-independent manner, resulting in formation of filopodia and
stably expressing exogenous nectin-1α, -2 α, or -3 α, respectively) (Kawakatsu et al., 2002 , Honda et al., 2003b . We next examined the effect of nectins on the Cef-induced activation of Rac. Cef induced formation of lamellipodia in EL cells in a time-dependent manner (Fig. 3A, a1 and a2, and also see Fig. 1A ).
In contrast, when nectin-1-EL, nectin-2-EL, or nectin-3-EL cells (EL cells expressing exogenous nectin-1α, -2α, or -3α, respectively) were cultured on the Cef-coated coverslips, the Cef-induced formation of lamellipodia was markedly reduced in these nectin-expressing EL cells, which did not adhere to each other, even after the 90-min culture (Fig. 3A, b1 , b2, c1, c2, d1, and d2).
The Cef-induced activation of Rac was also markedly reduced in nectin-1-EL cells as shown by the FRET imaging (Fig. 3B, a These results indicate that the nectins, which do not trans-interact with other nectins (non-trans-interacting nectins), inhibit the Cef-induced activation of Rac, resulting in inhibition of the formation of lamellipodia.
Suppression of the Inhibitory Effect of Non-trans-interacting Nectin-1 by
Overexpression of a Constitutively Active Mutant of Rac or PI3 Kinase in EL Cells
We examined which step in the E-cadherin-Rac signaling pathway is inhibited by non-trans-interacting nectins. The inhibitory effect of non-trans-interacting nectin-1 on the Cef-induced formation of lamellipodia was suppressed by overexpression of a constitutively active mutant of Rac1 (V12Rac1) (Fig. 4A,   a1 and b1), indicating that the step of the inhibitory effect of non-trans-interacting nectin-1 is upstream of Rac. Overexpression of V12Rac1 also induced formation of lamellipodia in nectin-1-EL cells on the control IgG-coated coverslips (Fig. 4A, a2 and b2), consistent with our previous result that overexpression of V12Rac1 induces formation of lamellipodia in L cells (Ono et al., 2000) . We next examined using an adenovirus expressing a constitutively active mutant of PI3 kinase whether the step of the inhibitory effect of non-trans-interacting nectin-1 is upstream or downstream of PI3 kinase. Overexpression of Myr-p110 induced formation of lamellipodia to a small extent in EL cells on the IgG-coated coverslips (Fig. 4B, a3 and a4) . Overexpression of Myr-p110 also induced formation of lamellipodia to a small extent in nectin-1-EL cells on the IgG-coated coverslips (Fig. 4B, b3 and b4) . Furthermore, the inhibitory effect of non-trans-interacting nectin-1 on the Cef-induced formation of lamellipodia was mostly suppressed by overexpression of Myr-p110 (Fig. 4B, b1 and b2) .
Overexpression of Myr-p110 did not affect the Cef-induced formation of lamellipodia in EL cells (Fig. 4B, a1 and a2) . These results indicate that the step of the inhibitory action of non-trans-interacting nectin-1 is upstream of PI3 kinase and Rac.
Requirement of the C-Terminal Four aa of Nectin-1 for Its Inhibitory Effect on the Cef-induced Formation of Lamellipodia in EL Cells
We next examined whether the C-terminal four aa of nectin-1, which are responsible for the binding of afadin or Par-3 (Takahashi et al., 1999 , Takekuni et al., 2003 , are necessary for the inhibitory effect of non-trans-interacting nectin-1 on the Cef-induced formation of lamellipodia. EL cells on the Cef-coated coverslips formed lamellipodia (Fig. 5A, 1 and 2) . When EL cells expressing nectin-1, of which C-terminal four aa were deleted (nectin-1-∆C-EL cells), were cultured on the Cef-coated coverslips, nectin-1-∆C-EL cells formed lamellipodia (Fig. 5B, 1 and 2 ), whereas nectin-1-EL cells on the Cef-coated coverslips did not form lamellipodia (Fig. 5C, 1 and 2 ). These results indicate that the C-terminal four aa are necessary for the inhibitory effect of non-trans-interacting nectin-1 on the Cef-induced formation of lamellipodia, and suggest that the binding of afadin to nectins is necessary for the inhibitory effect of non-trans-interacting nectins. The binding of Par-3 to nectins is not likely to be involved in this inhibitory effect, because nectin-2 shows its inhibitory effect (Fig. 3A, c1 and c2 ), but does not bind Par-3 (Takekuni et al., 2003) .
Suppression of the Inhibitory Effect of Non-trans-interacting Nectin-1 by Its Trans-interaction with Nef-3 in EL Cells
We then examined whether the trans-interaction of nectin-1 with Nef-3 affects the inhibitory effect of non-trans-interacting nectin-1 on the Cef-induced phenotypes. Nectin-1-EL cells cultured on the Cef-coated coverslips did not form lamellipodia (Fig. 6Aa and also see Fig. 3Ab1 ). In contrast, nectin-1-EL cells cultured on the Nef-3-coated coverslips formed filopodia and lamellipodia markedly as described (Kawakatsu et al., 2002) (Fig. 6Ab) , and this result indicates that non-trans-interacting E-cadherin does not affect the nectin-induced formation of filopodia and lamellipodia. When nectin-1-EL cells were cultured on the coverslips coated with the same amounts of Cef and Nef-3, not only lamellipodia but also filopodia were formed in a time-dependent manner ( Fig. 6Ac and our unpublished results) . The extents of the formation of lamellipodia were more marked than those of nectin-1 EL cells cultured on the coverslips coated with Nef-3 alone (Fig. 6A, b and c) . Rac1 as well as Cdc42 was activated in nectin-1-EL cells on the dishes coated with both Cef and Nef-3 as shown by the FRET imaging (Fig. 6B, a1, a2, b1 , and b2). These results indicate that the trans-interaction of nectin-1 with Nef-3 suppresses the inhibitory effect of non-trans-interacting nectin-1 on the Cef-induced formation of lamellipodia through the activation of Rac.
Suppression of the Inhibitory Effect of Non-trans-interacting Nectin-1 by
Overexpression of a Constitutively Active Mutant of Cdc42 in EL Cells
We have previously shown that the trans-interactions of nectins induce activation of Cdc42 and Rac (Kawakatsu et al., 2002) . It is possible that the trans-interaction of nectin-1 with Nef-3 suppresses the inhibitory effect of non-trans-interacting nectin-1 on the Cef-induced formation of lamellipodia through activation of Cdc42. Therefore, we examined whether overexpression of a constitutively active mutant of Cdc42 (V12Cdc42) suppresses the inhibitory effect of non-trans-interacting nectin-1. Overexpression of V12Cdc42 alone did not induce the formation of lamellipodia in nectin-1-EL cells on the control IgG-coated coverslips, whereas it induced the formation of filopodia (Fig. 6Ca) , consistent with our previous result (Ono et al., 2000) . In contrast, overexpression of V12Cdc42 induced the formation of not only filopodia but also lamellipodia in nectin-1-EL cells on the Cef-coated coverslips (Fig. 6Cb) . These results suggest that activation of Cdc42 by the trans-interaction of nectin-1 with Nef-3 is sufficient for suppression of the inhibitory effect of non-trans-interacting nectin-1 on the Cef action.
Inhibition of the Cef-induced Formation of Lamellipodia through Rac by
Non-trans-interacting Nectins in MDCK Cells
We next examined using MDCK cells whether non- (Fig. 7A, a1, a3, b1, and b3) . When E-cadherin-GFPN-MDCK cells were cultured on the Cef-or IgG-coated coverslips, Cef induced formation of lamellipodia to a medium extent at 60 min and to a large extent at 90 min (Fig. 7B, a1-a3) , whereas IgG induced formation of lamellipodia to a small extent even at 90 min (Fig. 7B, b1-b3 ).
E-cadherin-GFPN-MDCK cells (MDCK cells stably overexpressing E-cadherin-GFPN). We confirmed that the expression level of the E-cadherin-GFPN protein in E-cadherin-GFPN-MDCK cells was similar to that of E-cadherin in EL cells
Overexpression of N17Rac1 in E-cadherin-GFPN-MDCK cells reduced the
Cef-induced formation of lamellipodia (Fig. 7C, a and d) . When E-cadherin-GFPN-MDCK cells transiently overexpressing either exogenous nectin-1, -2, or -3 or a point-mutated nectin-2α which is incapable of trans-interacting (pm-nectin-2) were cultured on the Cef-coated coverslips, the Cef-induced formation of lamellipodia was markedly reduced in these nectin-expressing E-cadherin-GFPN-MDCK cells (Fig. 7C, a and b, and our 
unpublished results).
In contrast, when nectin-1-overexpressing E-cadherin-GFPN-MDCK cells were cultured on the coverslips coated with the same amounts of Cef and Nef-3, not only lamellipodia but also filopodia were formed (Fig. 7Cc) . These results indicate that non-trans-interacting nectins inhibit the Cef-induced formation of lamellipodia through Rac in MDCK cells in the same way as in L fibroblasts.
Inhibition of the Formation of AJs by Non-trans-interacting Nectin-2 in
MDCK Cells
It has been shown that activation of Rac is required for the formation of the E-cadherin-based AJs in keratinocytes and MDCK cells (Braga et al., 1997 , Takaishi et al., 1997 , Jou and Nelson, 1998 , and that activation of Rac increases the velocity of initiation of the E-cadherin-based cell-cell adhesion and leads to the maturation of the E-cadherin-based cell-cell AJs in MDCK cells (Ehrlich et al., 2002) . Therefore, if non-trans-interacting nectins indeed inhibit the E-cadherin-induced activation of Rac, overexpression of non-trans-interacting nectins should reduce maturation of the E-cadherin-based cell-cell AJs. To examine this possibility, we prepared nectin-1-MDCK cells stably expressing pm-nectin-2 (a point-mutated nectin-2α which is incapable of trans-interacting) (pm-nectin-2-nectin-1-MDCK cells) . When nectin-1-MDCK and pm-nectin-2-nectin-1-MDCK cells were cultured at 2 mM Ca 2+ , the immunofluorescence signal for E-cadherin was concentrated at the cell-cell junctions (Fig. 8A, a1 and b1) . When the two types of cells were cultured at low Ca 2+ for 20 h, the signal for E-cadherin was not observed at any site along the plasma membrane in both nectin-1-MDCK and pm-nectin-2-nectin-1 MDCK cells (Fig. 8A, a2 and b2 ). When these two types of cells were re-cultured at 2 mM Ca 2+ , the signal for E-cadherin was re-concentrated at the cell-cell junctions in time-dependent manners, but the time course of accumulation of E-cadherin in pm-nectin-2-nectin-1-MDCK cells was much slower than that in nectin-1-MDCK cells (Fig. 8A, a3-a5 and b3-b5) . Moreover, the time courses of accumulation of afadin, ZO-1, and β-catenin in pm-nectin-2-nectin-1-MDCK cells were much slower than those in nectin-1-MDCK cells (Fig. 8B and 8C , and our unpublished results). The reason why cell-cell junctions were kept and formed in pm-nectin-2-nectin-1-MDCK cells might be due to endogenous nectin-1 and -2 and exogenous nectin-1. Taken were treated at a low Ca 2+ concentration (Fig. 8B) . We previously observed the similar increase in the nuclear staining for afadin in wild-type MDCK and nectin-1-MDCK cells using the same anti-afadin mAb (Sakisaka et al., 1999 , Fukuhara et al., 2002a . In these papers we concluded that the nuclear staining for afadin is non-specific. Therefore, the increase in the nuclear staining for afadin is not a specific phenotype for pm-nectin-2-nectin-1-MDCK cells.
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DISCUSSION
We have first confirmed by the FRET imaging that the previous reports that the trans-interaction of E-cadherin induces activation of Rac (Nakagawa et al., 2001 , Noren et al., 2001 . One report shows, however, that the E-cadherin-mediated cell-cell adhesion induces activation of Cdc42 in MCF-7
and EL cells (Kim et al., 2000) , but this result has not been reproduced using MDCK cells by another group (Nakagawa et al., 2001) . We have shown that overexpression of NWASP-CRIB does not inhibit the Cef-induced formation of lamellipodia and that the trans-interaction of E-cadherin with Cef induces activation of Rac, but not that of Cdc42, in EL cells as shown by the FRET imaging. Kim's group (Kim et al., 2000) used cultured cells that might express endogenous nectins, because nectins are ubiquitously expressed (Takai and Nakanishi, 2003, Takai et al., 2003) . Therefore, we can not rule out the possibility that Kim's group (Kim et al., 2000) evaluated the activation of Cdc42
by the trans-interactions of endogenous nectins as that by the trans-interaction of E-cadherin. Taken together, it is likely that the trans-interaction of E-cadherin induces activation of Rac, but not that of Cdc42.
Moreover, we have demonstrated by the FRET imaging that the trans-interaction of E-cadherin induces dynamic formation of lamellipodia and activation of Rac. The activated Rac localizes to newest protruding lamellipodia, whereas the inactivated Rac localizes to the retracting lamellipodia. It has been shown that Rac and lamellipodia are transiently concentrated at newest cell-cell contact sites, but decrease at older, stabilized cell-cell contact sites during the formation of cell-cell AJs in MDCK cells (Ehrlich et al., 2002) . Taken together, our observations indicate that Rac is activated by the trans-interaction of E-cadherin at newest cell-cell contact sites 21 and forms lamellipodia to rapidly expand the cell-cell adhesion, whereas the activated Rac is dynamically down-regulated, resulting in a reduction of the formation of lamellipodia and stabilization of matured cell-cell contact sites.
However, it remains unknown how the trans-interaction of E-cadherin induces dynamic formation of lamellipodia and activation of Rac.
We have then confirmed here the previous observation that PI3 kinase is required for the full activation of Rac induced by the trans-interaction of E-cadherin using the PI3 kinase inhibitors, LY294002 and/or wortmannin (Nakagawa et al., 2001 , Kovacs et al., 2002 . In contrast to these results, two groups have recently demonstrated that PI3 kinase is not involved in the activation of Rac upon the formation of cell-cell contact in keratinocytes and MDCK cells (Betson et al., 2002 , Ehrlich et al., 2002 . The exact reason for this inconsistency is not known, but may be due to the involvement of endogenous nectin-induced activation of Rac. We have recently found that the nectin-induced activation of Cdc42 and Rac is independent of PI3 kinase (Honda et al., 2003b ). Kovacs's group (Kovacs et al., 2002) evaluated the E-cadherin-induced activation of Rac in CHO cells stably expressing E-cadherin using a recombinant Cef, whereas the latter two groups evaluated the activation of Rac upon the formation of cell-cell contact of keratinocytes or MDCK cells without using Cef (Betson et al., 2002 , Ehrlich et al., 2002 .
Therefore, they might evaluate the endogenous nectin-induced activation of Rac independent of PI3 kinase as the E-cadherin-induced activation of Rac.
We have shown here that the nectin-1, which does not trans-interact been shown that activation of Rac increases the velocity of formation of the E-cadherin-based cell-cell adhesion and leads to the maturation of the E-cadherin-based cell-cell AJs in MDCK cells (Ehrlich et al., 2002) , it is likely that nectins regulate the E-cadherin-induced activation of Rac and thereby the velocity of the formation of the E-cadherin-based cell-cell AJs in both fibroblasts and epithelial cells.
The inhibitory effect of non-trans-interacting nectin-1 requires its C-terminal four aa. Afadin directly binds to the C-terminal four aa of nectin-1,
-2, and -3 through its PDZ domain , whereas Par-3 binds to the C-terminal four aa of nectin-1 and -3, but not to those of nectin-2, 23 through its PDZ domain (Takekuni et al., 2003) . Because non-trans-interacting nectin-2 inhibits the E-cadherin-induced activation of Rac, it is likely that afadin, but not Par-3, plays a key role in the inhibitory effect of non-trans-interacting nectins. We have previously shown that nectins and E-cadherin are associated through afadin and α-catenin (Yokoyama et al., 2001 ). Afadin and α-catenin directly interact with each other, but this association is not strong. Additional factors or the post-translational modification(s) of these proteins, such as protein phosphorylation, may be involved in this association. Consistently, we have identified two connector units for the nectin and E-cadherin systems. One is a ponsin-vinculin unit . Ponsin is an afadin-and vinculin-binding protein and vinculin is an F-actin-and α-catenin-binding protein. The other is an ADIP-α-actinin unit (Asada et al., 2003) . It is possible that afadin bound to non-trans-interacting nectins is associated with α-catenin through these additional factors or the post-translational modification(s) and inhibits the activation of PI3 kinase induced by the trans-interaction of E-cadherin. Once non-trans-interacting nectins trans-interact, Cdc42 is activated and may affect the interaction of afadin with α-catenin, resulting in the E-cadherin-induced activation of PI3 kinase, an upstream molecule of Rac.
We have recently shown that the trans-interaction of nectin-1 increases the velocity of the formation of the E-cadherin-based AJs in EL and MDCK cells (Honda et al., 2003a) . In contrast, we have shown here that non-trans-interacting nectin-2 reduces the velocity of the formation of the E-cadherin-based AJs in MDCK cells. We have previously proposed a model for the role and mode of action of nectins in the formation of the E-cadherin-based AJs (Takai and Nakanishi, 2003, Takai et al., 2003) .
Nectins and E-cadherin are diffusely distributed on the free surface of the 
